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ABSTRACT 
 
A current sensing atomic force miscroscope was employed to find simultaneous 
force-distance and current-distance curves for the ionic liquid EMI TFSI on HOPG. These 
current curves, found at various voltage biases were converted to find conductance- 
distance curves. The conductance curves were analyzed to see the cantilever, HOPG 
surface and ions in EMI TFSI act with a capacitor like behavior. Calculations for the 
capacitance and energy stored are included. Derivations for the jump off force for a tip, 
sample system in a liquid enviornment with potential difference have been performed. 
These formulas for the jump off forces have been evaluated and compared with the 
experimental jump off forces. 
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CHAPTER 1 
INTRODUCTION 
Context 
 In March 1986, the atomic force microscope (AFM) was proposed through a 
publication by G. Binnig, C.F. Quate and Ch. Gerber. The atomic force microscope 
incorporates principles from Scanning Tunneling microscopes and stylus profilometers. It 
was proposed that, by monitoring the elastic deformation of springs, ultrasmall forces on 
atomic scale articles could be measured. The system employed a cantilever beam with 
ultrasmall mass which had a measurable deformation distance of 10−4 Angstroms. The 
force required for this could be as small as 10−18 N, within the regime of interatomic 
forces.1 
Binnig Et al. also proposed using a conductive tip to measure the current through 
the system. This idea was expanded upon by Jeong Y. Park, Sabine Maier, Bas Hendriksen 
and Miquel Salmeron in a 2010 paper. The use and monitoring of this conducting tip allows 
for the simultaneous measurement of force and current for nanoscale materials.2 This 
technique is referred to as current sensing atomic force microscopy (CSAFM). 
Aside from using an AFM to scan a sample surface and create a topographical 
image of the area, based on the cantilever deflection. An AFM can also be used to create 
force distance curves by varying the distance between the tip and sample and measuring 
the cantilever deflection.3 Through similar means, a CSAFM can obtain current distance 
curves by varying the distance and measuring the current through a conductive tip. 
Ionic Liquids are molten salts. Therefore, all their constituent particles are 
charged either positively or negatively, pure liquid electrolytes. 1-Ethyl-3-
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methylimidazolium bis (trifluoromethylsulfonyl) imide (EMI-TFSI) is a room 
temperature ionic liquid (RTIL). For the purposes of this study, EMI-TFSI will be 
referred to simply as an ionic liquid (IL). The molecular form of EMI- TFSI is shown 
below. 
 
Figure 1: Molecular layout of EMI- TFSI 
The expected approach Force-Distance curve for our ionic liquid on HOPG 
should show the following: a nearly flat zero line at large distances, a jump to contact 
followed by another nearly flat portion at the tip contacts the liquid, then a second jump 
to contact for the HOPG followed by the steadily increasing contact line. Similarly, the 
withdrawal curve will show two jumps off contact, first off the HOPG, then secondly off 
the Ionic Liquid. The value of the second jump off contact can and has been calculated 
for with the formula from the calculations section. The force of this jump will be 
governed by the adhesion of the meniscus and the coulombic interaction between the tip 
and the sample. 
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Motivation 
Ionic liquids have been researched increasingly for the past decade. There are 
many reasons for this. One reason is the sheer number of possible ILs is very large, an 
estimated 1018 pure liquids, excluding mixtures.4 Other reasons include their broad and 
useful applicability to many fields. These include chemical synthesis, catalysis, 
lubricants, materials, biology and energy storage.5 
 Devices using Ionic liquids have the potential to become convenient energy 
storing mechanisms. This is useful to offset the problem of the intermittency of 
renewable energy technologies such as wind turbines and solar cells. The storing and 
accessibility of these renewable energy technologies can help make them primary energy 
sources. ILs are being looked at as possible electrolytes to increase the energy density of 
supercapacitors.  
The unique capabilities of CSAFM can help to probe the ion assembly that 
determines the chemical and physical behavior of ILs. Techniques of this nature have 
been utilized before for example with aprotic ionic liquids on an electrified Au(111) 
surface.6 This work presents shows the capacitor behavior of the tip- IL-surface system as 
well as a method to find the energy stored in a capacitor of this type. 
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Outline 
This thesis will contain four chapters. Within these chapters are the following 
sections: Equipment, Procedure, Results and Discussion. The Equipment section will 
contain information about the hardware and software used in the experiment. The section 
titled Procedure will outline the methods through which the data was obtained. This data, 
along with calculations pertaining to it, will be presented in the Results section. Data and 
calculations will be analyzed in the Discussion section. 
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CHAPTER 2 
EQUIPMENT 
This experiment was conducted using a Molecular Imaging PicoSPM microscope 
equipped with a PicoAFM scanner. The scanner held a MicroMasch NSC36/Pt/AlBS 
(Platinum coated Aluminum BackSide) cantilever chip with three tips. Of these three tips, 
the scanner’s laser was aligned with the longest cantilever, C. Cantilever specifications 
are shown in Table 2. In the Appendix. The standard sample stage held Highly Oriented 
Pyrolytic Graphite (HOPG) which was connected to the stage’s working electrode. 
 
Figure 2: Sample stage with HOPG 
The sample plate was given a voltage bias to the working electrode through a 3-
pin cable. The entirety of the microscope system is connected to a PicoScan 2100 
controller which was in turn, connected to a typical Windows XP desktop computer. The 
computer ran the PicoView 1.14 software which controlled interaction with the 
microscope. 
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Other equipment included an Olympus brand optical microscope, tweezers, scotch 
tape, pipettes and a hex key set. 
Procedure 
In order to set up a measurement, the sample plate must be constructed in the 
desired fashion. For the purposes of this experiment the working electrode was connected 
to the middle pin of the three-pin connection. This will provide a voltage bias to the 
working electrode after it is connected to the AFM. A sample of HOPG was adhered to 
the center of the plate. Attention should be placed on where the cantilever tip will contact 
the sample stage, ensuring the tip contacts the desired location. This sample also had a 
connection to the working electrode. When the sample stage is not in use, it is placed 
aside in an isolated container. 
The cantilever chip must then be placed on the beak of the AFM scanner. The 
beak comes off the scanner and should be placed on the beak pusher. This will raise the 
clamp and allow for the operator to carefully place a cantilever chip beneath the clamp. 
The placement should be done with a clean set of tweezers. After the chip is placed, an 
optical microscope can be used to ensure the placement is optimal.  
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Figure 3: Scanner beak with cantilever chip mounted on beak pusher 
Once the beak is appropriately equipped with a cantilever chip, it can be 
magnetically attached to the scanner. There is also a single pin slot to employ the current 
sensing functionality. The scanner can be placed into the microscope body from above 
and connected with the two nine-pin connectors. Two screws in the back of the 
microscope body hold the scanner in place. 
 
Figure 4: Microscope body with AFM scanner in place 
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There are many possible ways to apply the IL to the cantilever tip. One tedious 
but reliable way is the presented here. Using a small, clean pipette a tiny amount of Ionic 
Liquid can be applied to the HOPG surface. The sample stage with the IL can be loaded 
onto the AFM, taking care to make sure that the stage placement doesn’t crash the tip. 
Then the vertical stepping screw in the back of the microscope can be manually turned to 
approach the liquid. The liquid will form a meniscus once it contacts the tip. The screw 
can then be backed off from the liquid to leave a drop on the tip. This drop can be seen 
with the naked eye, provided enough light. 
After the liquid is on the tip, the plate can be retrieved, and excess liquid can be 
removed. If the operator wants a clean surface of HOPG, a piece of scotch tape can be 
used to remove the top layer of graphite. The clean, dry sample plate can be replaced with 
the three-pin connection intact. The AFM should also be connected to the controller with 
the connection at the top of the microscope body. 
Now the controller can be turned on, providing power to the scanner’s laser. The 
laser must be aligned with the tip of the longest cantilever. This is done by fine tuning the 
screws on the top of the scanner. A Lucite block is placed in the photodiode detector slot 
in order to see the reflected beam. A check to employ is adjusting the beam to the sides to 
see diffraction patterns from all three tips. Then the longest tip should be found by 
adjusting the beam forward and back. After the operator is confident that the beam is 
aligned with the tip of the longest cantilever, the Lucite block can be removed, and the 
photodiode detector can be put in its place. The photodiode detector has its own 
connection on the right of the AFM. 
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Figure 5: Laser alignment - Image from PicoSPM manual 
   The reflected beam must now be aligned with the center of the photodiode 
detector. Opening the PicoView 1.14 software will provide a helpful display of the 
reflected beam’s position on the detector. The software has a number of windows that an 
operator should be familiar with. The AFM body has a display on the top that reads the 
present AFM signal: Top – Bottom. There is a button on the right side of the body that 
switches the display to read the LFM signal: Right - Left. The AFM signal should be 
slightly negative before approach. The LFM signal should be as close to zero as possible. 
The software will display values for deflection and friction. Deflection should be 
somewhat negative, and friction should be 0V.  
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Figure 6: Laser alignment window in PicoView software. 
The system is now ready for an approach. Using the software in CSAFM mode 
the approach can be started. The motor with bring the sample toward the tip until the 
force setpoint is reached. A typical value for the force setpoint is .5V. The approach can 
take some time and the friction value can grow during this process. If the signal becomes 
undesirable, the approach should be canceled, and the laser can be realigned. 
Once the system reaches the force setpoint, the approach will end. Instead of 
running a raster scan of the topography of the surface, the AFM will be used in 
spectroscopy mode. In the spectroscopy mode labeled expert mode, an operator can run 
simultaneous measurements of Force vs. Distance and Current vs. Distance. Running two 
sweeps and reversing the direction for the second scan will give curves for both tip 
approach and tip withdrawal. The bias voltage for the sample can be varied for sub 
sequent curves. 
Simultaneous Force Distance and Current Distance curves will be presented in the 
following section. Conductance curves are also obtained by dividing the current values 
by the bias voltage. These curves will be presented as well. 
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Collecting Data 
The data set was gathered by running two consecutive scans, approach and 
withdrawal at various voltages. These scans covered 10.75 µm. Each scan took 30.45 
seconds, a rate of .353 µm/s, and contained 200 data points. In total, the curve would take 
60.9 seconds and contain 400 data points each for time, distance, force and current.  
After a scan is made, data can be saved in two formats. Here, the chosen format 
was ASCII tab separated. This will save a text document that will easily be copy and 
pasted into Microsoft Excel. In Excel, scatter plots have been made from this data set. 
Individual plots have been made for Force-Distance, Current-Distance and Conductivity-
Distance data sets. Regions of interest for the conductivity graphs have been focused on 
for clearer analysis. This was done by truncating the potions of the graphs where the 
signal was either zero or at the maximum recordable value. All plots will be presented at 
the end of the paper. 
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CHAPTER 3 
 
RESULTS 
 
Force vs. Distance 
Presented below is a representative Force distance curve, found for a sample bias 
voltage of -.3V. As there are many of these curves this will be used to show their general 
features. The blue line is a trace of the approach curve and the red line is a trace of the 
withdrawal curve. This color coding will be kept consistent throughout all the graphs in 
this paper. The zero line, or the relatively large distance portion of the graph where the 
deflection should be constant, often contains hysteresis when experimenting in a viscous 
medium.7  
Following the zero line are a couple unique features. There are two jumps to and 
off contact, which is expected for a cantilever with liquid on the tip. One jump is the 
liquid to surface while the other is tip to surface. This feature is also presented in B. 
Cappella Et Al, paper Force-distance curves by atomic force microscopy.3 
Also to be expected, the jump off contact occurs at a larger distance than the jump 
to contact. This is due to the adhesion of the Ionic Liquid and the nonelastic deformations 
of the surface. The contact region is useful for drawing information about the elasto-
plastic behavior of materials. 8 
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Figure 7: Representative force distance curve. Found at an applied voltage of -.3V. (Blue- 
approach curve, red- withdrawal curve) 
It is important to note that these curves were left as Deflection- Distance curves. 
In order to truly convert them in Force – Distance curves the deflection values must be 
multiplied by the Deflection sensitivity from the software, 15nm/V in this work. Then the 
deflection in nm can be multiplied by the force constant (K) of the cantilever, 
approximately .06 N/m for cantilever C of a NSC36/Pt/AlBS chip. 
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Current vs. Distance 
 
Simultaneously with the force - distance curves, the current sensing system of the 
CSAFM is able to produce current - distance curves. Presented below is a typical scatter 
plot of the current vs. distance. This plot was found at a sample bias of -.2V As would be 
expected for large separation distance, the current is zero. After the tip comes into contact 
with the surface however, the current quickly rises to the maximum recordable value of 
100 nA. 
 
Figure 8: Representative current distance plot found at an applied voltage of -.2V 
 (Blue- approach curve, red- withdrawal curve.) 
Naturally, the current for the approach curve rises simultaneously with the jump 
to contact from the force distance curve. Also as expected, the current of the withdrawal 
(red) curve drops to zero at a larger distance. This is again due to the adhesion of the 
Ionic Liquid and any nonelastic deformations of the surface. The tip must jump off 
contact before the current falls to zero.  
0
20
40
60
80
100
120
-0.000002 0 0.000002 0.000004 0.000006 0.000008 0.00001 0.000012
C
u
rr
e
n
t 
(n
A
)
Distance (M)
Current vs Distance
15 
 
The rate at which the current rises is particularly interesting because it can give us 
information on the ion behavior for the ionic liquid EMI TFSI. A slower scan with more 
data points would provide a more significant view of this portion of the graph. 
 
Conductivity vs. Distance 
 
As these curves are the same as the current - distance curves only scaled by the 
sample bias Voltage, they suffer from similar problems. Aside from the rate of current 
increase/decrease there isn’t much information to be gained from these curves. Still a 
representative curve is presented below, found at a sample bias voltage of -.2V. 
Conductance will be negative when the current and sample bias have opposite signs. 
 
Figure 9: Representative conductance distance plot. Found at applied voltage of -.2V 
There isn’t much information to be extracted from the portions of these graphs 
where the conductivity is either zero or the signal has reached its maximum. For this 
reason, the graphs have been truncated to include only the portion of the conductivity 
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rise. These truncated graphs provide more insight toward the nature of the conductivity 
change.  The various sample biases also show a nonlinear growth of the conductivity.  
 
Figure 10: Conductivity in the region of interest at an applied voltage of .3V. Withdrawal 
curve shown. 
A concerning feature to note was that the current direction is not always dictated 
by the applied bias voltage. Furthermore, even at an applied sample voltage bias of zero, 
there is still measured current. Since this is the case, then the opposing voltage is 
unmeasured and a way to determine the true zero voltage must be employed. This is 
addressed in the following Discussion section. 
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Calculations 
From first principles, Coulombic forces for a tip, sample system have been 
studied by Hao et al. The system was initially modeled as a sphere against a flat surface.9 
Later, the system was modeled with a sphere tipped cone against a flat surface, as shown 
in the figure below. 
 
Figure 11: Sample vs sphere ended conical tip 
For a sphere against a flat surface, the force is:  
𝐹0 =  𝜋𝜀0𝑉
2  
𝑅
𝐷
         𝐹𝑜𝑟
𝑅
𝐷
≫ 1 
𝐹∞ =  𝜋𝜀0𝑉
2 ( 
𝑅
𝐷
)
2
         𝐹𝑜𝑟
𝑅
𝐷
≪ 1 
For a sphere tipped cone, the force is found by replacing the conducting surfaces 
with their equivalent image charges as shown by G. Mesa Et. Al. Shown below is their 
simplest case of an axially symmetric tip and a grounded, flat conducting surface. 
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Figure 12: Image charge scheme against a grounded flat surface. 
Placed along the cone’s axis of symmetry are a set of point charges and charge 
segments. Their images are placed on the opposite side of the grounded surface. The 
Voltage at any point (r,z) would be the summation of these voltages from N point charges 
and M charge segments. 
𝑉(𝜌, 𝑧) =  ∑[𝑉𝑐𝑛(𝜌, 𝑧; 𝑧𝑛) −  𝑉𝑐𝑛(𝜌, 𝑧; −𝑧𝑛) ] + 
𝑁
𝑛
∑[𝑉𝑠𝑚(𝜌, 𝑧; 𝑧𝑚) −  𝑉𝑠𝑚(𝜌, 𝑧; −𝑧𝑚) ]
𝑀
𝑚
 
Where potential due to a point charge is: 
𝑉𝑐𝑛(𝜌, 𝑧; 𝑧𝑛) =  
𝑞𝑛
4𝜋𝜀0
1
√𝜌2 + (𝑧 − 𝑧𝑛)2
 
And potential due to charge segments is:   
𝑉𝑠𝑚(𝜌, 𝑧; 𝑧𝑚) =  
𝑞𝑚
4𝜋𝜀0
1
2𝐿𝑚
ln [
(𝑧 − 𝑧𝑚 + 𝐿𝑚) + √𝜌2 + (𝑧 − 𝑧𝑚 + 𝐿𝑚)2
(𝑧 − 𝑧𝑚 − 𝐿𝑚) + √𝜌2 + (𝑧 − 𝑧𝑚 − 𝐿𝑚)2
] 
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𝑧𝑛, charge position, 𝑞𝑛, charge strength, 2𝐿𝑚,segment length, 𝑧𝑚,segment 
position, and 𝑞𝑚segment strength are solved for by imposing the appropriate boundary 
condition of the tip surface 𝑉 =  𝑉0. 
The potential satisfying this condition solved for in prolate spheroidal coordinates 
(η,𝜀, 𝜑) is10 
𝑉(η) = 𝑉0
ln [
(1 + η)
(1 − η)
]
ln [
(1 + η0)
(1 − η0)
]
 
 
 where for a for a flat surface: 
η = 0 
and for a hyperboloid: 
η = η0 =  √ 
𝐷
𝐷 + 𝑅
 
The field at apex for a hemispheroid emitter is given by10:  
𝐸 =
𝑉
𝑘𝑅
 
k depends on tip geometry. Mesa et al. analytically solved for the field and used 
the above equations to find (far field: D>>R) k for a hyperboloid tip10: 
𝑘 =
1
2
ln
4𝐷
𝑅
 
So the field at tip apex for our system is: 
𝐸 =
2𝑉
𝑅
ln
𝑅
4𝐷
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Alternatively, Hao et al. claimed given small tip angles, (𝜃 ≤ 𝜋/9), the cone was 
appropriately approximated as a single line of constant charge density, 𝜆0.
9 This would 
make our overall potential summation become:  
𝑉(𝜌, 𝑧) =
𝜆0
4𝜋𝜀0
ln [
(𝑧 − 𝑧𝑚 + 𝐿𝑚) + √𝜌2 + (𝑧 − 𝑧𝑚 + 𝐿𝑚)2
(𝑧 − 𝑧𝑚 − 𝐿𝑚) + √𝜌2 + (𝑧 − 𝑧𝑚 − 𝐿𝑚)2
]
−  
𝜆0
4𝜋𝜀0
ln [
(𝑧 − 𝑧𝑚 + 𝐿𝑚) + √𝜌2 + (𝑧 − 𝑧𝑚 + 𝐿𝑚)2
(𝑧 − 𝑧𝑚 − 𝐿𝑚) + √𝜌2 + (𝑧 − 𝑧𝑚 − 𝐿𝑚)2
]   
The potential from the image line alone is: 
𝑉(𝜌, 𝑧) =
𝜆0
4𝜋𝜀0
ln [
(𝑧 − 𝑧𝑚 + 𝐿𝑚) + √𝜌2 + (𝑧 − 𝑧𝑚 + 𝐿𝑚)2
(𝑧 − 𝑧𝑚 − 𝐿𝑚) + √𝜌2 + (𝑧 − 𝑧𝑚 − 𝐿𝑚)2
]    
To find the Electric field from the image line at any point, we take the negative 
gradient of the potential. 𝐸 = − ∇𝑉 Here we have axial symmetry, no phi dependence, 
and are operating in cylindrical coordinates. So ∇ =
∂
∂𝜌
?̂?  +
∂
∂𝑧
?̂?  applied to our 𝑉(𝜌, 𝑧) 
gives our Electric field: 
𝐸(𝜌, 𝑧) = − 
𝜆0
4𝜋𝜀0
[
 𝜌 ?̂? 
(𝑧 − 𝑧𝑚 + 𝐿𝑚)√(𝑧 − 𝑧𝑚 + 𝐿𝑚)2 + 𝜌2 +  (𝑧 − 𝑧𝑚 + 𝐿𝑚)2 + 𝜌2
−
 𝜌 ?̂? 
(𝑧 − 𝑧𝑚 − 𝐿𝑚)√(𝑧 − 𝑧𝑚 − 𝐿𝑚)2 + 𝜌2 +  (𝑧 − 𝑧𝑚 − 𝐿𝑚)2 + 𝜌2
+  
?̂? 
√(𝑧 − 𝑧𝑚 + 𝐿𝑚)2 + 𝜌2 
−
?̂? 
√(𝑧 − 𝑧𝑚 − 𝐿𝑚)2 + 𝜌2 
]  
Finding the Electric field along the z axis, 𝜌 = 0, 
𝐸(0, 𝑧) = − 
𝜆0
4𝜋𝜀0
[ 
?̂? 
(𝑧 − 𝑧𝑚 + 𝐿𝑚)
−
?̂? 
(𝑧 − 𝑧𝑚 − 𝐿𝑚)
] 
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For our image line, we can substitute 𝑧𝑚 =  −𝐷 −
𝐿
2
 as well as 𝐿𝑚 =
𝐿
2
. E then 
becomes: 
𝐸(0, 𝑧) = − 
𝜆0?̂? 
4𝜋𝜀0
[ 
1
(𝑧 + 𝐷 + 𝐿)
−
1 
(𝑧 + 𝐷)
] 
Integrating this field along the tip will give us the force on the tip: 
F𝑐 = ∫ −𝑑𝑞 
𝜆0?̂? 
4𝜋𝜀0
[ 
1
(𝑧 + 𝐷 + 𝐿)
−
1 
(𝑧 + 𝐷)
]
𝐿+𝐷
𝐷
 
Noting that 𝑑𝑞 = 𝜆0𝑑𝑧 for our line charge, this integral becomes: 
F𝑐 =
𝜆0
2?̂? 
4𝜋𝜀0
ln(
𝐿2 + 4𝐷𝐿 + 4𝐷2
4𝐷𝐿
) 
For our case where 𝐿 ≫ 𝐷 ≫ 𝑅. The resulting expression for this coulombic force 
is the following, 
F𝑐 =
𝜆0
2
4𝜋𝜀0
ln (
𝐿
4𝐷
) 
Substituting 𝜆0 , expressed by: 
𝜆0 =  4𝜋𝜀0𝑉 [ln (
1 + cos 𝜃
1 − cos  𝜃
)]
−1
 
gives: 
F𝑐 = 4𝜋𝜀0𝑉
2 [ln (
1 + cos 𝜃
1 − cos  𝜃
)]
−2
ln (
𝐿
4𝐷
) 
V is bias voltage and 𝜃 is the full tip angle. 
This equation is one of the two components used to find the total jump off force. 
The second comes from the meniscus force of the ionic liquid.  An expression for this 
effect is found by following Israelachvili and the diagram below.11 
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Figure 13: Meniscus between sphere on flat surface 
 The derivation first considers the capillary pressure in the liquid from the Young- 
Laplace equation: 
𝑃𝐿 =  𝛾 (
1
𝑟1
+
1
𝑟2
)  
With 𝛾 as the surface tension of the liquid. 𝑟1  and 𝑟2 are defined in the figure 
above. This equation becomes: 
𝑃𝐿 =
𝛾
𝑟1
 
Due to 𝑟2 ≫  𝑟1. This pressure acts on the area, 𝐴 = 2𝜋𝑅𝑑. So PA = F gives: 
𝐹 =  2𝜋𝑅𝑑
𝛾
𝑟1
 
If we note that for small ∅,( 𝑑 + 𝐷) = 2𝑟1 cos 𝜃 we can substitute for 𝑟1and find: 
𝐹𝑚 =
 4𝜋𝑅𝛾 cos 𝜃
(1 + 𝐷/𝑑)
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In this equation, R is the radius of curvature for the tip, 𝛾 is the surface tension of 
the liquid, 𝜃 is contact angle between the tip and the liquid, d is the penetration depth of 
the tip into the meniscus and D is the distance between the tip and the substrate. 
Noting this, the full equation for calculating the jump off force for the system is 
the sum of the meniscus force and the coulombic force. 
𝐹 =  
4𝜋𝑅𝛾 cos 𝜃
(1 + 𝐷/𝑑)
+ 4𝜋𝜀0𝑉
2 [ln (
1 + cos 2𝜃
1 − cos  2𝜃
)]
−2
ln (
𝐿
4𝐷
) 
 
A value for surface tension, 𝛾, for EMI-TFSI was found from sources.12,13 
Voltage, V, was taken as the applied voltage added to the offset value from zero. 
Distance, D, was found by subtracting the distance of the first jump, off the substrate, 
from the second. Tip length, L, and half cone angle 𝜃 are known from the cantilever 
specifications. Penetration depth, d, was approximated to half of the tip length. These 
values were used with the above equation to calculate the values for the jump off force in 
table 1. They are shown along with the experimental values.  
The experimental values are converted from the deflection in V by multiplying by 
the software’s deflection sensitivity and cantilever spring constant. The deflection at the 
jump had to be subtracted from the scan’s zero. This can lead to difficulty due to the zero 
line hysteresis when imaging in liquid environments. 
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Table 1: Calculations of Meniscus, Coulombic and Total Force compared with Jump off 
forces 
Voltage (V) Seperation (m) Deflection (V) Meniscus (N) Coulombic (N)Total (N) Jump (N)
0.655 2.16E-06 0.107 5.64E-11 4.17E-11 9.82E-11 9.63E-11
0.555 2.44E-06 0.09 5.00E-11 3.06E-11 8.06E-11 8.1E-11
0.455 2.27E-06 0.081 5.37E-11 2.03E-11 7.40E-11 7.29E-11
0.355 2.16E-06 0.084 5.64E-11 1.23E-11 6.87E-11 7.56E-11
0.335 2.43E-06 0.064 5.02E-11 1.11E-11 6.13E-11 5.76E-11
0.305 2.27E-06 0.067 5.37E-11 9.12E-12 6.28E-11 6.03E-11
0.255 1.83E-06 0.069 6.65E-11 6.15E-12 7.27E-11 6.21E-11
0.155 2.05E-06 0.058 5.94E-11 2.32E-12 6.18E-11 5.22E-11
0.055 2.21E-06 0.05 5.52E-11 2.95E-13 5.55E-11 4.5E-11
0.005 2.00E-06 0.067 6.09E-11 2.40E-15 6.09E-11 6.03E-11
-0.025 2.27E-06 0.047 5.37E-11 6.13E-14 5.38E-11 4.23E-11
-0.045 2.08E-06 0.055 5.86E-11 1.96E-13 5.88E-11 4.95E-11
-0.145 2.13E-06 0.06 5.72E-11 2.04E-12 5.93E-11 5.4E-11
-0.245 2.05E-06 0.07 5.94E-11 5.79E-12 6.52E-11 6.3E-11
-0.345 2.00E-06 0.075 6.09E-11 1.14E-11 7.24E-11 6.75E-11  
It can also be noted that there could be a contribution to the jump off force from the 
electric double layer of the ionic liquid. This force goes with an exponential of the negative 
separation distance divided by the effective Debye length.3 Using a Debye length from 
Gebbie et al. in nanometers and our separation in micrometers we will get an exponential 
rose to a negative thousand.14 The force contribution from the electric double layer would 
be negligible. 
The initial question that started this work was a question of the ion adsorption upon 
the surface of an electrode. Future measurements should be made keeping this in mind to 
produce more meaningful results. An alternating voltage scan with increased data points 
while in contact with solely the ionic liquid would give useful measurements. Still, the 
process can be outlined using the current data set for future work and estimation purposes.  
With the present data set, we can roughly estimate for the charge, Q, using a 
Reimann sum in place of integration. 𝑄 ≈ ∑ 𝐼𝑠𝑡𝑠𝑠  We note that the time step between 
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subsequent points is the time of the scan divided by the total data points collected. This 
will give charge adsorbed at various voltages, we can then find capacitance as 𝐶 =
𝜕𝑄
𝜕𝑉
 . C 
is shown as the fit line in the Figure below. Furthermore, we can find ions adsorbed by 
dividing the total charge on the electrode by the charge per ion. We can also find energy 
stored in the capacitor with: 
𝐸 =
1
2
𝐶𝑉2 
These values are calculated and shown in the Table below. 
 
Table 2: Energy E, capacitance C, charge Q calculated from data set 
V(V) I sum(nA) time step (s) Q (nC) C(nF) E(nJ)
-0.345 104.8 0.1522 -15.9506 68.614 4.083391
-0.245 32.76 0.1522 -4.98607 68.614 2.059278
-0.145 22.58 0.1522 -3.43668 68.614 0.721305
-0.045 3.489 0.1522 -0.53103 68.614 0.069472
-0.025 1.96 0.1522 -0.29831 68.614 0.021442
0.005 -2.091 0.1522 0.31825 68.614 0.000858
0.055 -15.21 0.1522 2.314962 68.614 0.103779
0.155 -15.036 0.1522 2.288479 68.614 0.824226
0.255 -89.149 0.1522 13.56848 68.614 2.230813
0.305 -71.3 0.1522 10.85186 68.614 3.191409
0.335 -351.6 0.1522 53.51352 68.614 3.850103
0.355 -119 0.1522 18.1118 68.614 4.32354
0.455 -255.6 0.1522 38.90232 68.614 7.102407
0.555 -201.1 0.1522 30.60742 68.614 10.56741
0.655 -342.9 0.1522 52.18938 68.614 14.71856  
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Figure 14: Charge vs voltage plot for capacitance 
Q = 68.614V
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CHAPTER 4 
DISCUSSION 
Comparing the calculated values for the jump off force with the experimental 
ones shows decent agreement. The agreement gets notably less accurate for Voltages 
close to zero, where the contribution due to the coulombic interaction is less. The average 
error was 8.71% with a high of 27.1% at -.025V and a low of .5% at .555V. Possible 
sources of trouble in the data set include the zero line hysteresis and finding the exact 
separation distance between the tip and sample. 
This data set contains a portion of interest where the tip has contacted the Ionic 
Liquid but not yet contacted the surface of the HOPG. This section is important because 
it mimics the true nature of an Ionic liquid as an electrolyte in a supercapacitor. After the 
tip contacts the surface of the HOPG, current will flow through the tip as opposed to the 
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liquid. This section can be picked out by analyzing the section between the two jumps to 
contact or from contact on the Force Distance curve.  
 
Figure 15: Force distance curve depicting region of interest for .3V 
 
For many of the Voltage biases, this section of interest shows a small rise and fall 
for the current prior to the large increase toward a saturation point. This is likely due to 
the purely ionic nature of the liquid. Initially, the ions are relatively free to move 
according to the voltage bias, giving a small rise in current. However, after enough have 
moved, the charged ions stop themselves from travelling and the current drops again. 
This behavior mimics that of a capacitor in a circuit. Following this, the second jump to 
contact occurs. With the tip and sample fully in contact, current will rise again, much 
higher than it was when only the ions were moving. This process is reversed during the 
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withdrawal process. These points of interest can be seen on the approach curve for .3V 
and the withdrawal curves for -.1V, -.15V, -.18V, -.2V and -.3V. This feature is likely  
easier to detect on withdrawal curves due to the later jump off contact from the IL.  The 
data values for this feature are shown in the appendix as Table 1. 
 
Figure 16: Current rise and fall in interest region, applied voltage of-.3V 
 
 It has been noted that when the polarity of the applied voltage bias switches, the 
current direction does not immediately change as well. This must be because there is a 
small voltage present that was not applied by the instrument. The instrument’s applied 
voltage must first overcome the present voltage to change the current’s direction. A 
Current – Voltage spectroscopy was preformed to find the zero value for current. This 
will provide the true zero voltage for our system.  
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Figure 17: Current voltage spectroscopy to find voltage offset from zero 
This occurs at -.256V. Scaling the graphs by this correction allows for a more 
accurate interpretation. Unfortunately, this was tested after the trials were scanned, so 
there is the possibility of this value being inaccurate for the time of the trials. From 
looking at the current turnover from the graphs, we could see that a closer value for this 
offsetting voltage would be in between -.15V and -.18V. 
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Future Work 
 
In future trials, data gathering should be altered to include more data points and 
these points should be collected at a slower rate. This will provide more complete 
information about the current and conductivity change through the Ionic Liquids. A 
higher focus should be placed on the region where the current is flowing through the IL 
as opposed to the HOPG surface. Including more bias voltages would also provide more 
information. It should also be noted that this work was only conducted on one IL while 
we have immediate access to two others. A reliable way of keeping the tip in contact with 
the IL but not yet contacting the surface could prove very useful. Other work to be done 
involves keeping the separation distance constant while varying the voltage. Ensuring 
that the tip and the surface are only connected through the IL, without contaminants, 
would provide greater accuracy in the data set. 
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APPENDIX 
Table 3: Table showing capacitor behavior of tip, EMI – TFSI, sample at constant V 
Distance(m) Force(V) CSAFM(nA) Applied Voltage
6.70E-06 -1.10E+00 -1.00E+02 -.1V
6.75E-06 -1.10E+00 -1.00E+02
6.81E-06 -1.10E+00 -1.00E+02
6.86E-06 -1.10E+00 -1.00E+02
6.91E-06 -1.11E+00 -1.00E+02
6.97E-06 -1.11E+00 -1.00E+02
7.02E-06 -1.11E+00 -1.00E+02
7.08E-06 -1.12E+00 -1.00E+02
7.13E-06 -1.12E+00 -1.00E+02
7.18E-06 -1.13E+00 -1.00E+02
7.24E-06 -1.13E+00 -1.00E+02
7.29E-06 -1.13E+00 -1.00E+02 Jump off HOPG contact
7.35E-06 -1.13E+00 -1.00E+02
7.40E-06 -1.13E+00 -1.00E+02
7.45E-06 -1.13E+00 -1.00E+02
7.51E-06 -1.13E+00 -1.00E+02
7.56E-06 -1.13E+00 -5.60E+01 Current falls
7.62E-06 -1.13E+00 -2.83E+01
7.67E-06 -1.12E+00 -3.68E+00
7.72E-06 -1.12E+00 -3.90E+00
7.78E-06 -1.12E+00 -4.25E+00 Current rises due to ion movement
7.83E-06 -1.12E+00 -3.38E+00
7.89E-06 -1.12E+00 -3.53E+00
7.94E-06 -1.11E+00 -1.95E+00
7.99E-06 -1.11E+00 -1.10E-01
8.05E-06 -1.11E+00 0.00E+00 Current falls again due to capacitance behavior 
8.10E-06 -1.10E+00 0.00E+00
8.16E-06 -1.10E+00 0.00E+00
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Table 4: Specifications for cantilever chip NSC36/Pt/AlBS 
Cantilever  
Type 
 A   B   C  
 Min Typical Max Min Typical Max Min Typical Max 
Cantilever 
Length, l ±
5, μm  
 110   90   130  
Cantilever 
Width, 
w ± 5, μm 
 35   35   35  
Cantilever 
Thickness, μm  
0.7 1.0 1.3 0.7 1.0 1.3 0.7 1.0 1.3 
Resonant 
frequency, 
kHz 
65 105 150 95 155 230 50 75 105 
Force 
Constant, N/m 
0.25 0.95 2.5 0.45 1.75 5.0 0.15 0.6 1.5 
 
-Probe radius of curvature less than 24nm 
-Tip height 20 – 25 μm 
-Full tip cone angle less than 30° 
-Tip side of cantilever coated with 15nm layer of Pt 
-Backside Coated with Al 
Information from MikroMasch 
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Bias Voltage: .655V 
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Bias Voltage: .555 
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Bias Voltage: .455 
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Bias Voltage: .355V 
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Bias Voltage: .335V 
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Bias Voltage: .305V 
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Bias Voltage: .255V 
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Bias Voltage: .155 
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Bias Voltage: .055 
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Bias Voltage: .005V 
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Bias Voltage: -.025V 
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Bias Voltage: -.045V 
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Bias Voltage: -.145V 
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Bias Voltage: -.245V 
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Bias Voltage: -.345V 
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